Wolbachia endosymbionts are known to aect the ®tness of their hosts, but most of this information is from laboratory studies. In Drosophila melanogaster, Wolbachia frequencies vary clinally in frequency in Australia and may confound climatic adaptation. Here we use ®eld cages in a reciprocal exchange design to test for Wolbachia eects in D. melanogaster in winter at temperate and tropical sites. Infected¯ies of both populations had a lower fecundity in tropical north Queensland, whilst in temperate southern Victoria Wolbachia eects depended on the nuclear population background. Here infected¯ies from Victoria were more fecund. Wolbachia also in¯uenced larval/pupal viability in the tropics but this was dependent on population background. In comparisons of the populations, there was no evidence for local adaptation for total fecundity, viability or survival over winter. However, in Victoria, a local population had a higher late-life fecundity than a tropical population from Queensland that had higher early-life fecundity. At a tropical site, local Queensland¯ies had a higher early fecundity than Victorian¯ies. In contrast to many laboratory studies, mortality rates in the ®eld cages increased only slightly over time. Both the Wolbachia eects and population dierences have not been previously detected in laboratory studies with D. melanogaster and highlight the utility of Drosophila ®eld studies in ®tness experiments.
Introduction
Wolbachia are common endosymbionts of insects (Werren, 1997; Jeyaprakash & Hoy, 2000) that are responsible for cytoplasmic incompatibility in Drosophila (Homann & Turelli, 1997) , which involves embryo death when infected males mate with uninfected females or when matings take place between strains with dierent infections. A number of laboratory experiments have established that Wolbachia can have other impacts on the ®tness of their hosts. For instance, Wolbachia can cause deleterious eects on Drosophila (Homann et al., 1990) , Trichogramma (Schoenmaker et al., 1998) and mites (Johanowicz & Hoy, 1999) . By contrast, there is almost no information on ®tness eects of Wolbachia under ®eld conditions. Field studies on transmission dynamics and the cytoplasmic incompatibility generated by Wolbachia indicate that parameter estimates for these variables can dier markedly from those estimated under laboratory conditions (Turelli & Homann, 1995) . Unfortunately it is dicult to measure ®tness eects of Wolbachia under ®eld conditions and only indirect inferences have been possible (Homann et al., 1998) .
Here we examine ®tness eects of Wolbachia in Drosophila melanogaster. In this species, one Wolbachia has been identi®ed which causes a low level of incompatibility in laboratory crosses and occurs at dierent frequencies in populations (Homann et al., 1994; Homann et al., 1998) . This is especially marked in eastern Australia, where northern populations are mostly infected and southern populations are mostly uninfected (Homann et al., 1994) . However, the persistence of Wolbachia in populations is a mystery because D. melanogaster Wolbachia are transmitted imperfectly across generations and in the absence of strong incompatibility in the ®eld, the infection is expected to decrease in frequency (Homann et al., 1998) . One possible explanation is that Wolbachia have positive ®tness eects on their hosts, and the ®nding that Wolbachia can alter host¯y size in some ®eld conditions (Homann et al., 1998) suggests host ®tness eects.
To investigate Wolbachia eects, populations were set up with¯ies collected from tropical (north Queensland) and temperate (Victoria) locations in eastern Australia. By testing the infection status of isofemale lines and by undertaking reciprocal crosses, infected and uninfected populations from both locations were established. Populations were then set up in ®eld cages and tested for ®tness components over winter in Victoria and Queensland. This design allowed a direct assessment of Wolbachia eects on host ®tness and interactions between the nuclear background and Wolbachia as well as overall dierences between the background populations. Population cages in Victoria were maintained until reproduction ceased so that lifetime reproduction and mortality patterns over winter could be investigated. The maternal transmission eciency of Wolbachia in Victoria was also examined by scoring the infection status of ospring of ®eld-reared females.
Materials and methods

Flies and Wolbachia status
Flies were collected in early March 1999 from fruit orchards in Wandin, Victoria (40 km east of Melbourne). Adults were netted from rotting fruit piles containing nectarines, peaches and apples. Inseminated females were used to set up isofemale lines. To establish the presence or absence of Wolbachia within these lines, PCR analysis was performed on the ®eld females using 16S rDNA primers (O 'Neill et al., 1992) following procedures for population monitoring of Wolbachia infections in D. melanogaster (Homann et al., 1998) . To ensure that Wolbachia negative results were not due to a lack of DNA template or PCR failure, primers for the single copy Drosophila nuclear gene suppressor of sable su(s) (Voelker et al., 1991) were also included in each reaction. Progeny from each line were also tested to verify infection status. From 107 lines screened, eight infected lines were found. These were combined to establish an infected population and nine uninfected lines were also combined to form an uninfected population. The infected and uninfected populations were then reciprocally crossed to remove any genetic background eects. These populations are henceforth referred to as infected and uninfected Melbourne populations. The same procedure (with the same number of infected and uninfected lines) was also used to establish infected and uninfected¯ies from Innisfail, Queensland (92 km south of Cairns, henceforth referred to as Innisfail populations). F 1 s from the reciprocal crosses were collected to initiate the ®eld population cages.
Victoria experiment
Field cages were constructed from 1.5 L plastic containers. Two sides were removed and covered with gauze, and food was provided from sucrose±agar±dead yeast medium in plastic containers, 7 cm in diameter and 4.5 cm high. Each cage was set up with 15 females and 15 males from one of the four populations. There were 12 replicate cages for each population. The cages were placed under plastic ventilated baskets (®ve cages per basket) for shade and protection, to create 10 blocks. The position of the plastic baskets was rotated every 3±5 days. Cages were placed in shade under trees at the Bundoora campus of La Trobe University on 2 June 1999. Temperatures were continuously recorded using a data logger (Tinytalk II) placed inside one of the cages. Previous recordings had shown that temperatures inside and outside the cages were almost identical. The experiment was terminated in early November when almost all¯ies were dead and there was no further oviposition.
To score survival, dead¯ies were removed from cages every 2±5 days and frozen. To assess fecundity, food cups were replaced in the cages every 2±5 days and the number of eggs laid in each cup was recorded. Egg hatch rates and larval/pupal viability were assessed on 7 June, when 10 eggs were removed from each food cup and placed in a separate vial containing 10 mL of the laboratory medium. Each vial was then covered by ®ne gauze. The vials were placed into cages, and these cages were then placed under plastic baskets as for the population cages. The number of eggs that hatched and number of eclosed adults was used to assess egg hatch rate and viability, respectively.
Maternal transmission of Wolbachia was measured on six females reared from eggs placed in the ®eld. One egg laid on 19 June and 5 eggs laid between 12 and 22 October produced infected adult females. The transmission eciency of Wolbachia in each female (as measured by the proportion of uninfected progeny) was estimated by rearing 30 ospring per female under laboratory conditions and determining their Wolbachia status by PCR.
Queensland experiment
The site used for this experiment was a remnant area of rainforest near Innisfail, Queensland near the original collection site of the Innisfail¯ies. Cages were established in shade under trees at the same time as the cages in Victoria. However, cages were only left for two weeks and food cups were replaced daily to compensate for much higher egg counts. Eggs were counted to obtain a fecundity score and survival was also monitored, although only a few¯ies (<10% per cage) died and survival data are not considered further. Egg hatch rate and larval/pupal viability were also scored as described above.
Results
Victoria experiment
Egg hatch rates did not dier between treatments (Table 1) and were low (Fig. 1) re¯ecting the fact that environmental conditions were stressful for eggs. None of the hatched larvae developed to the adult stage. We also monitored larvae hatching in the cups in July, August and October. Only in the case of the October larvae did a substantial proportion (16/25 or 64%) develop to the adult stage. Presumably higher temperatures are required for eggs to develop successfully to the adult stage. For June, the mean temperature in the cages was 10.6°C (minimum 0.2°C), compared to 11.1°C (1.1°C), 13.1°C (1.1°C), 14.1°C (4.6°C), and 14.5°C (3.5°C) for August, September, October and early November, respectively. Unfortunately no data were collected for July.
Mean survival times of the¯ies were computed for each cage and compared among the treatments. Neither infection status nor population origin had any impact on this trait (Table 1) . To examine mortality patterns further, we computed the cumulative mortality separately for each cage based on data from the dierent time intervals. Cumulative mortality showed a similar pattern in all treatments (Fig. 2) and was near 100% at the end of the experiment. The mortality pattern was further examined by computing mortality rates at time x (l x ) following Promislow et al. (1996) de®ned as )ln (N x + 1 / N x ), where N is the number of¯ies alive at a particular time. The mortality rate was adjusted to account for the dierent number of days in the scoring interval. Mean mortality rates for the cages did not change much in all the treatments (Fig. 2) although there was a gradual increase in mortality rate as the experiment progressed. Linear regression showed that this link was signi®cant (P < 0.01) for both the infected (y 0.0075x ) 4.86) and uninfected (y 0.0063x ) 4.79) Innisfail populations as well as the infected (y 0.0069x ) 4.86) and uninfected (y 0.00062x ) 4.87) Melbourne populations. The total fecundity in the cages depended on both infection status and population origin, as the interaction between these factors was signi®cant in the ANOVA ANOVA (Table 1) . For the Innisfail¯ies the uninfecteds had a relatively higher overall fecundity whereas the opposite result was obtained for the Melbourne¯ies. In both population backgrounds there were signi®cant dierences between the infecteds and uninfecteds.
Fecundity patterns over time were also examined by computing egg counts separately for each cage and time interval and then adjusting for the number of females alive in a cage within that interval. The per female oviposition rates showed parallel changes in all treatments ( Fig. 2) and increases matched brief periods of warmer weather. For instance the peak at 94.5 days coincided with a period when the mean temperature was 22.1°C compared to 16.2°C in the ensuing period when fecundity decreased sharply. There was also a gradual increase in fecundity in the ®rst 90 days or so which was followed by a decline until almost no eggs were produced by the¯ies surviving to 160 days. The graph also indicates a dierence in the fecundity pattern of the Melbourne and Innisfail¯ies. Towards the end of the experiment, Melbourne¯ies produced more eggs than Innisfail¯ies, whereas the opposite trend is apparent at the start of the experiment (Fig. 2) . To test this statistically, we computed the time taken for females in each cage to lay half their eggs. The ANOVA ANOVA on these values indicated a signi®cant eect of population background but not infection on this trait (Table 1) re¯ecting the later oviposition pattern of the Melbournē ies.
For the transmission rate experiment, a total of 19 uninfected individuals were identi®ed from 166 progeny. Transmission rates varied among the females, ranging from 70.4% to 100%. The lowest transmission rate was observed for the single infected female that emerged from eggs laid in June, which took 86 days to eclose. Dierences among females were signi®cant by a contingency test (P 0.010 using the Monte Carlo procedure). This procedure was used because of the low number of expecteds in many cells. Con®dence intervals based on the population transmission rate of 89% (83±93%) do not overlap previous estimates of maternal transmission of 97.4% (95% CIs of 94.1±99.2%) (Homann et al., 1998) . Thus maternal transmission rates are lower than previously observed in D. melanogaster.
Queensland experiment
For egg hatch rates, there were no dierences among treatments (Table 1) and hatch rates were high (Fig. 3) compared to those observed in Victoria. This is likely to re¯ect the higher temperatures experienced at the Queensland site. Over the two-week period, temperatures ranged from 17.3°C to 25.3°C with a mean of 21.1°C. For larval-to-adult viability, the interaction between infection status and origin was signi®cant. For Innisfail¯ies, uninfected larvae showed the highest viability, whereas the reverse pattern was evident for the Melbourne¯ies, although for the Melbourne background the dierence between infecteds and uninfecteds was not signi®cant. Fecundity data were collected over two weeks only in this experiment. Because dierences among treatments were consistent within this period only the results of pooled egg counts are considered. The ANOVA ANOVA indicated a signi®cant interaction eect as well as signi®cant main eects of population origin and infection (Table 1) . Uninfected¯ies had a higher fecundity than infected¯ies and this dierence was relatively larger in the Innisfail background (Fig. 3) . Overall, egg production was higher for the populations originating from Queensland compared to those from Victoria.
Discussion
The comparisons of infected and uninfected populations suggest that Wolbachia eects on ®tness depend on nuclear background. In previous laboratory studies on Drosophila, which have generally been carried out on only one host background, Wolbachia has been shown to decrease fecundity (Homann et al., 1990) or have little impact on fecundity (Homann et al., 1994; Giordano et al., 1995; Bourtzis et al., 1996; Mercot, 1997) . The present results suggest that Wolbachia may also increase fecundity given the appropriate environmental conditions (temperate winter) and nuclear background (Melbourne). In a previous laboratory experiment on the D. melanogaster infection there was Fig. 3 Hatch rate, larval/pupal viability, and total fecundity in Drosophila melanogaster for the experiments in Queensland. Means and standard deviations (error bars) are based on 10 (hatch rate and viability) or 12 replicates. Standard deviations for hatch rates and viability are based on arcsin transformations (re-expressed as proportions).
no impact of Wolbachia on fecundity in the laboratory (Homann et al., 1994) . Because the infected Innisfail females in the present experiments showed a reduction in fecundity in contrast to the laboratory ®ndings, this raises the issue of whether the laboratory experiments are particularly informative in understanding the ®eld situation.
The Wolbachia eects on host ®tness do not account for the clinal variation present along the east coast of Australia. Because there is a low incidence of Wolbachia in Melbourne and other southern populations (Homann et al., 1994; Homann et al., 1998) , we anticipated a reduced ®tness of infected individuals at this location particularly in the Melbourne nuclear background. Instead, we observed a reduction in total fecundity for infected individuals but only in the Innisfail nuclear background. We also anticipated a ®tness advantage for Wolbachia-infected¯ies in Queensland, but instead obtained the opposite result.
We can only surmise that these host eects must be oset by other factors to account for the distribution of Wolbachia. The relatively lower rate of maternal transmission of the infection in females reared in winter may contribute to the low infection frequency in Melbourne. Previous work on Nasonia wasps has also shown that overwintering reduces the eciency of maternal transmission (Perrot-Minnot et al., 1996) . However, the transmission rate of Wolbachia in ®eld D. melanogaster is also imperfect in warmer locations, so the infection should still be lost from all populations. Perhaps the eect of Wolbachia on fecundity are oset by eects on other traits, such as starvation or desiccation resistance which are negatively genetically correlated with early reproductive output (Homann & Harshman, 1999) .
The data also suggest geographical dierences between D. melanogaster populations from the tropics and temperate areas for fecundity patterns, although these ®ndings should be regarded as preliminary without information from other populations. By postponing egg laying, Melbourne females may increase the likelihood of laying eggs in warmer spring temperatures. This could be adaptive given that overwintering D. melanogaster in temperate areas tend to be adults (Izquieredo, 1991) , as evident here from the high mortality of eggs and absence of successful larval/pupal development to the adult stage. Bouletreau-Merle et al. (1992) have argued that population variation in egg retention capacity and a seasonal increase in spring in retention capacity re¯ects selection for overwintering. The dierent fecundity patterns observed here may be related to retention capacity although a genetic correlation between virgin retention and late-life reproduction has not been established. It is not clear if these dierences in fecundity patterns depend on climatic conditions. In Queensland, the tropical population had a higher fecundity and this might have resulted in a relatively lower fecundity later in life. It is possible that early fecundity is favoured in tropical conditions, but this remains to be demonstrated.
The survival data provide no evidence for a trade-o between early reproduction and survival over winter in D. melanogaster because shifts in fecundity patterns did not in¯uence survival. A trade-o between these traits is evident from laboratory selection experiments on postponed senescence (e.g. Rose & Charlesworth, 1981; Partridge et al., 1999) . Perhaps trade-os are only detected when reproductive output is high as in favourable laboratory conditions. In winter in Victoria, the egg production we observed was extremely low; the total number of eggs over the entire 165-day period was much lower than that produced over only two weeks in Queensland (see Figs 1, 3) . Thus in winter ®eld conditions where survival is favoured there may be no trade-o with early fecundity because low temperatures restrict reproductive output. Nevertheless, dierences between the Melbourne and Innisfail cages are consistent with a trade-o between early and late reproductive output, since Melbourne¯ies had a relatively lower early fecundity and higher later fecundity.
The pattern of mortality in the ®eld does not match that seen in laboratory experiments on D. melanogaster. In these experiments there is generally an increase in mortality rates over time, which levels o at advanced ages (Fukui et al., 1993; Promislow et al., 1996) . This contrasts with the mortality pattern in the ®eld cages, where there was only a small increase in mortality rate over time. The way mortality rates change with age are likely to be environmentally dependent and the way selection in¯uences mortality rates may well dier between ®eld and laboratory conditions.
In conclusion, the ®eld cage experiments suggest that Wolbachia eects will depend on the nuclear background of its host D. melanogaster. Overall, the results emphasize the fact that laboratory and ®eld experiments with Drosophila can lead to dierent conclusions even in this rather simpli®ed version of the ®eld environment. It is possible that even more complex interactions are occurring between D. melanogaster and Wolbachia in the ®eld environment that were not detectable here.
